Direct dehydration of 1,3-butanediol into butadiene over aluminosilicate catalysts.
Introduction
1,3-Butadiene (BD) is a relevant industrial intermediate used for the production of synthetic rubbers and resins. 1 The BD consumption has significantly increased over the past years, closely related to the rapid growth of the world population. Approximately 95% of the BD world production is obtained as a by-product of steam cracking of naphtha and gas oil for ethylene and propylene production (C4 cut), whereas the remaining 5% is produced via the catalytic oxidative dehydrogenation of n-butane and n-butene. 2 The strong dependence on ethylene and propylene production might become problematic in the near future due to the extensive use of shale gas, especially in North America, as less naphtha will be cracked in refineries and thus lower BD volumes will be produced. In a dynamic progress to greener and more sustainable processes, 3, 4 the development of new bio-derived organic building blocks affording on-purpose BD in a reduced number of catalytic steps might offer an attractive alternative to naphtha cracking. The production of biosourced BD has been reported so far using (bio)ethanol as a raw material. 5, 6 Bioethanol is one of the most abundant sustainable platform molecules that can be produced by fermentation of sugars. 7, 8 The synthesis route of BD from ethanol, also known as the Lebedev process, was first reported in 1928, but was not further developed because of the high availability and low cost of naphtha. 9 It is commonly accepted that the reaction mechanism in the Lebedev process proceeds first via the generation of acetaldehyde from ethanol dehydrogenation and further aldol condensation into hydroxybutanal (i.e., acetaldol). The latter can undergo reduction with ethanol to generate 1,3-butanediol, the dehydration of which can lead either to crotyl alcohol or 3-butene-1-ol. Both compounds can be further dehydrated into BD. The reaction is usually catalyzed at high temperatures (>400°C) over MgO/SiO 2 catalysts in the presence of promoters (e.g., Zn, Zr, Ag, Cu) including a small amount of strong basic sites (O
) combined with an intermediate amount of moderate acid (Si-OH) and weak basic sites (Mg-OH). [10] [11] [12] [13] [14] [15] [16] The maximum BD yield reported so far on MgO/SiO 2 formulations is about 50%, but at low BD productivities up to 0.2 g BD g cat
h −1 in the presence of Ag and Cu dopants. 13 Alternative formulations with balanced acid-base properties such as Ta 2 O 5 / SiO 2 , [17] [18] [19] Ag/ZrO 2 /SiO 2 , 20 ZnO/ZrO 2 /SiO 2 , 21 ZnO/γ-Al 2 O 3 , 22, 23 ZnO/talc, 24 Na-doped Zn x Zr y O z 25 and Ag and Zr-doped molecular sieves (e.g., Ag/ZrBEA 26 ) have also been reported, but with modest BD productivities.
Recently, it has been demonstrated that butanediol (BDO) isomers (1,2-, 1,3-, 1,4-and 2,3-) can be obtained in high yields by fermentation of glucose, sucrose, glycerol and mixtures of glucose and xylose, [27] [28] [29] [30] [31] [32] paving the way to alternative routes to the Lebedev process for bio-BD synthesis. Indeed, the catalytic dehydration and/or dehydrogenation of BDO into BD have been reported so far, but usually offering poor yields and selectivities. On the contrary, a rich yet undesired panel of products can be generated depending on the starting BDO isomer. For instance, 1,2-BDO dehydrogenation over Cu-supported catalysts yields 1-hydroxy-2-butanone with high selectivities. 33 In the case of 1,3-BDO, dehydration over CeO 2 leads to unsaturated alcohols at moderate to high temperatures, 34 -36 whereas 1-hydroxy-2-butanone and 3-hydroxybutanal, as well as unsaturated alcohols, are obtained as main products by combined dehydration/dehydrogenation over bifunctional CuO/SiO 2 catalysts (Fig. 1) . 37, 38 The synthesis of BD by dehydration of 1,3-BDO has also been attempted over acid catalysts (e. Silica-aluminas and acid zeolites have been widely explored for the dehydration of 1-and 2-butanol into butenes, showing the formation of by-products resulting from oligomerization, cracking and aromatization side reactions. [49] [50] [51] [52] In this study, we investigated the catalytic properties of a series of aluminosilicates with variable textural and surface acid properties for the gas-phase conversion of 1,3-BDO into BD. We show that ZSM-5 zeolites with high SiO 2 /Al 2 O 3 molar ratios encompassing a low density of Lewis acid sites and the presence of Brønsted acid sites with an intermediate strength can afford the synthesis of BD at moderate-to-high yields and productivities with reasonable catalyst stability against coke formation.
Experimental

Materials
Siral 1 and Siral 40 aluminosilicates with a SiO 2 /Al 2 O 3 molar ratio of 0.03 and 1.79, respectively, as measured by X-ray fluorescence (XRF) spectroscopy were commercially obtained from SASOL (Table S1 †). These catalysts are referred hereinafter as SA@0.03 and SA@1.79, respectively. Three ammoniumsubstituted ZSM-5 zeolite catalysts (CBV23, CBV55 and CBV280) were supplied by Zeolyst International, whereas a fourth catalyst (MFI90) was purchased from ChemSud. These catalysts are labeled hereinafter as ZSM-5@30 (CBV23), ZSM-5@64 (CBV55), ZSM-5@260 (CBV280) and ZSM-5@106 (MFI90), respectively, where the number in the label refers to the SiO 2 /Al 2 O 3 molar ratio (Table S1 †). The ZSM-5@260 was further subjected to Na-exchange (3 times) at 60°C for 6 h using an aqueous solution of NaNO 3 (1 M), thus obtaining Na-ZSM-5@260. The Al-free silicalite-1 (i.e. ZSM-5@∞) was prepared using the protocol described elsewhere. 53 Briefly, 4 mL of TEOS was mixed with 4 mL of an aqueous solution of tetrapropylamine hydroxide (TPAOH, 20 wt%) for 2 h under mild stirring. The mixture was then transferred into a Teflonlined stainless steel autoclave for hydrothermal crystallization at 80°C overnight followed by 120°C for 4 h. The as-synthesized nanocrystals were collected after centrifugation (8000 r.p.m, 10 min), dried at 100°C for 12 h, and calcined at 550°C for 5 h under air. Before use, all the ZSM-5 catalysts were activated at 550°C for 5 h under static air to remove ammonia and/or water. denoted hereinafter as Al-SBA-15@102 and Al-SBA-15@190, respectively.
Catalyst characterization
The SiO 2 /Al 2 O 3 molar ratio of the different aluminosilicates was measured by X-ray Fluorescence Spectroscopy (XRF) on a TORNADO instrument from Bruker. The textural properties of the calcined and spent catalysts were measured from N 2 adsorption/desorption isotherms at 77 K using a Micromeritics ASAP 2010 surface area analyzer. The specific surface areas were calculated using the Brunauer-Emmett-Teller (BET) method in the relative pressure range 0.05 < P/P 0 < 0.25, while the pore volumes were measured at P/P 0 = 0.995. The Barret-Joyner-Halenda (BJH) method was used for measuring inter-and intracrystalline mean pore sizes, whereas the t-plot method was used to measure the micropore surface area. Prior to the measurements, the samples were outgassed at 150°C for 3 h under vacuum (50 Pa).
Thermogravimetric analysis (TGA) was employed to study the thermal behavior of the spent catalysts. The experiments were performed on a TA 2960 SDT 2960 V3.0F instrument. The samples were heated from room temperature to 700°C at a rate of 3°C min −1 under a diluted O 2 stream (5 v/v% in He).
A mass spectrometer was used to identify the effluent gas. The signal at m/z = 44 was used to track the generation of CO 2 during the measurements. NH 3 -TPD was used to measure the amount and strength of acid sites in the catalysts. The measurements were performed on a Micromeritics AutoChem II 2920 system equipped with a quartz U-type tubular reactor and a thermal conductivity detector (TCD). A typical test was carried out as follows: 50 mg of catalyst was pre-treated at 250°C for 2 h under a He flow [30 mL (STP) min −1 ] to remove adsorbed moisture and vapors, and then cooled down to room temperature. Subsequently, NH 3 was chemisorbed at 130°C using pulsed injections until saturation. The temperature was then increased up to 600°C at a heating rate of 10°C min −1 and the TPD profiles were recorded from 130 to 600°C. The quantification method used for measuring the number of acid sites can be found elsewhere.
56,57
In situ pyridine adsorption experiments were carried out using a FT-IR spectrometer from Thermo Nicolet (NEXUS 470) equipped with a KBr beam splitter and a DTGS detector. In a typical test, the sample (∼20 mg) was pressed into a wafer of 16 mm diameter. The wafer was then loaded into the cell and outgassed at 450°C for 2 h under vacuum. After activation, pyridine (133 Pa) was introduced into the cell at room temperature and the wafer was heated to 150°C for 15 min to ensure optimal pyridine diffusion. The wafer was then evacuated at 200°C and the IR spectra were collected every 50°C until 450°C using 64 scans with a resolution of 4 cm −1 .
For comparison, the IR spectra were collected on the parent catalysts before pyridine adsorption. All the spectra were normalized to a constant mass of wafer. Powder X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advance diffractometer using a Cu Kα radiation (λ = 1.5418 Å) as the X-ray source. The angle range (10°< 2θ < 80°) was scanned with steps of 0.02°s −1 and a 2 s acquisition time. X-ray photoelectron spectroscopy (XPS) surface analyses were carried out on a Kratos Axis Ultra DLD spectrometer (Kratos Analytical) equipped with a hemispherical analyzer and a delay line detector. The analyses were performed using Al-Kα radiation (10 mA-15 kV) with a pass energy of 40 eV (0.1 eV per step) for high resolution spectra and a pass energy of 160 eV (1 eV per step) for the survey spectrum in hybrid mode and slot lens mode, respectively. The C-(C,H) component of the C1s peak of adventitious carbon was fixed to 284.5 eV as a reference.
Catalytic tests
The catalytic dehydration of 1,3-BDO into BD was carried out in a fixed-bed reactor (stainless steel, i. 
Results
Screening of catalytic conditions
In the first series of experiments, the dehydration of 1,3-BDO was investigated as a function of the temperature in the range 250-350°C at a standard space velocity (WHSV = 14 h −1 ) over . In all cases, the main products detected were BD, propylene and 3B1ol, suggesting a reaction mechanism proceeding first by a dehydration step encompassing the formation of 3B1ol and 3B2ol as intermediates followed by two parallel reactions ( Fig. 1): (1) dehydration of 3B1ol into BD, and (2) C-C cleavage of either 3B1ol or 3B2ol into propylene. The formation of propylene might further promote the generation of heavy products via oligomerization, which together with BD oligomerization might promote in turn the generation of coke. Minor by-products were also detected including MEK, MVK, 3B2ol, 1-butanol and 2-butanol. Unlike previous studies on 1,3-BDO dehydration over silica-aluminas, 39 no ether formation was detected. Fig. S1 † plots the main trends obtained for the 1,3-BDO conversion and the BD, propylene and 3B1ol selectivities over the different aluminosilicates, whereas Tables S2-S4 † list the BD yields, BD/propylene selectivity ratios and sum of selectivities, respectively. The last parameter provides an indication of the level of coke formation for the different catalysts. Overall, the best catalytic performance was observed in the temperature range 250-300°C, affording higher BD yields and BD/propylene selectivity ratios at high 1,3-BDO conversions and moderate 3B1ol yields. Also noteworthy, a modest effect of temperature on the BD/propylene selectivity ratios was observed for the different zeolites, especially at high Si/Al ratios, suggesting similar activation energies for BD and propylene generation from 3B1ol. In contrast, for the SA and Al-SBA-15 catalysts, an increase in the temperature favored the generation of propylene at the expense of BD. This observation suggests a higher activation energy for propylene generation from 3B1ol for these series of catalysts.
The body of results obtained during the screening tests confirms that the WHSV chosen was adapted to ensure the formation of BD while mitigating the formation of propylene and intermediate 3B1ol, as well as coking (see section 3.4).
Accordingly, no further optimization of the WHSV was carried out. Table 1 lists the conversion and selectivities to the main products obtained for the different catalysts at 300°C. Except ZSM-5@30 with a 1,3-BDO conversion of 90%, almost full conversion was achieved over all the other catalysts. A very low BD selectivity of 3.7% and high propylene selectivity (58%) were obtained for SA@0.03 indicating a superior cracking capacity. Upon increase of the SiO 2 /Al 2 O 3 molar ratio (i.e. for SA@1.79), the cracking reaction appears to be less favored with a shift of the BD selectivity (33%). Unlike the SA catalysts, ZSM-5 zeolites showed much higher BD selectivities, especially in the case of ZSM-5@260 (SiO 2 /Al 2 O 3 = 260) with a BD selectivity (and yield) as high as 60%. Significant amounts of the 3B1ol intermediate were also detected for all ZSM-5 catalysts, which together with propylene constituted the two main by-products. Interestingly, control experiments on Naexchanged ZSM-5@260 (i.e. Na-ZSM-5@260) and pure silicalite-1 (i.e. ZSM-5@∞ or SIL-1) revealed in both cases much lower 1,3-BDO conversions (<38%), lower BD selectivities (46% and 36% for Na-ZSM-5@260 and ZSM-5@∞, respectively) and a higher selectivity to propylene (ca. 40% for both catalysts). Finally, the Al-SBA-15 family also showed a high BD selectivity (>50%), but exhibited a higher propylene selectivity (>39%) and a lower 3B1ol selectivity (<1%) compared to ZSM-5@260.
Catalytic performance (250 and 300°C)
The catalytic tests carried out at 250°C reflected in all cases lower 1,3-BDO conversions (Table S5 †). SA@0.03 and SA@1.79 showed 1,3-BDO conversions of 77% and 88%, respectively, with a variable product distribution. SA@1.79 displayed a much higher production of BD and the 3B1ol intermediate than SA@0.03 (33% vs. 14% and 14% vs. 6.8%), whereas the latter catalyst exhibited a higher selectivity to propylene (34% vs. 17%). In the case of the ZSM-5 catalysts, the 1,3-BDO conversion and BD selectivity were enhanced from 
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75% to 92% and from 39% to 47%, respectively, when increasing the SiO 2 /Al 2 O 3 molar ratio from 30 to 260. In contrast, the 3B1ol and propylene selectivities showed increasing and decreasing trends with the SiO 2 /Al 2 O 3 ratio, respectively, until a ratio of 106, whereas the opposite trend was observed at higher ratios. Finally, Al-SBA-15@102 and Al-SBA-15@190 displayed very similar catalytic properties, achieving full 1,3-BDO conversion and BD, 3B1ol and propylene selectivities of 57%, 4.9-6.0% and 24%, respectively.
Catalytic stability over ZSM-5@260
From the series above, ZSM-5@260 revealed the most promising catalytic performance for 1,3-BDO dehydration into BD at 300°C. Accordingly, a long-term stability test was conducted on this catalyst under the very same reaction conditions (Fig. 2) . The catalyst exhibited almost full conversion during the initial 24 h and a stable BD selectivity of 60%. After this period, the catalyst displayed a continuous but slow deactivation trend with a drop of the 1,3-BDO conversion to 80% after 102 h of reaction, but keeping the BD selectivity almost unchanged. This observation suggests that the deactivation process did not alter the reaction mechanism, this being most likely ascribed to a lower accessibility to the acid sites.
Structural evolution during reaction
To gain insight into the deactivation mechanism, TGA-MS analyses were performed on the spent ZSM-5@260 catalyst after 102 h of reaction at 300°C (denoted hereinafter as ZSM-5@260_LR). The TGA profiles of this catalyst showed a continuous weight loss from 330°C to 700°C (Fig. 3) . Combining this technique with MS, carbon combustion appears to be responsible for the weight loss, leading to the formation of CO 2 (Fig. S2 †) . The temperature range for carbon combustion shifted to lower temperatures (ca. 40°C) for the spent ZSM-5@260 catalyst after only 8 h on stream (Table 2 ). In line with reported studies on dehydration reactions, 59-61 this observation supports the formation of heavier carbonaceous species over the catalyst surface after long-term reaction (102 h). Furthermore, the amount of carbon deposited on the catalyst increased significantly after the long-term reaction with a value of 65 mg C g −1 , which was ca. 1.3 times higher than the value measured after 8 h of reaction (Table 2 and Fig. 3 ). Interestingly, while a similar thermal behavior was observed for ZSM-5@64, the latter catalyst showed the formation of a much higher amount of carbon deposits just after 8 h of reaction (103 mg C g −1 , Table 2 and Fig. S2 †) .
Further XPS analyses were conducted on the fresh ZSM-5@260 and ZSM-5@64 catalysts after 8 h of reaction. The C 1s peaks clearly supported the formation of coke for both catalysts after the reaction (Fig. S3 †) . As a matter of fact, the surface carbon concentration (Table 3) showed a 6-fold increase for ZSM-5@64 (18.7 atom% vs. 3.7 atom%; 12.3 wt% vs. 2.3 wt%), whereas a 2-fold increase was only observed for ZSM-5@260 (9.5 atom% vs. 3.2 atom%; 6.0 wt% vs. 2.0 wt%). In all cases, the zeolite structure did not reveal any visible modification by comparison of the XRD patterns (Fig. S4 †) , the 27 Al-NMR MAS spectra (Fig. S5 †) , and the Si/Al surface ratios (Table 3 ) measured on the corresponding fresh and spent catalysts.
Also noteworthy, the 27 Al-NMR MAS spectrum of the fresh ZSM5@64 catalyst consisted of 2 main peaks centered around 55 ppm which could be fitted to two components located at 56.4 and 54.3 ppm, indicative of fourfold coordinated framework Al atoms in the zeolite framework. The difference between these two sites could be due to a small change in terms of the O-Al-O angles and/or Al-O distances in the AlĲO) 4 tetrahedra. A second peak was visualized at ; carrier gas flowrate, 60 mL (STP) min −1 .
Nomenclature: C BDO , 1,3-BDO conversion; S BD , selectivity to BD; S PP , selectivity to PP; S 3B1ol , selectivity to 3-buten-1-ol. View Article Online ca. 0 ppm that is a characteristic of ex-framework Al (sixfold coordinated). A similar structural organization was observed on the spent catalyst after 102 h of reaction at 300°C (i.e. ZSM5@64 _LR). However, the former peak corresponding to the sixfold coordinated Al was split into two components reflecting the presence of both sixfold and fivefold coordinated Al species. The spectrum of the fresh ZSM5@260 catalyst also consisted of 2 main peaks centered at around 55 ppm which could be fitted to the same two components similar to the former catalyst (53.7 and 51.8 ppm), also indicative of fourfold coordinated framework Al atoms. A shift of the two initial peaks was observed on the spent catalyst, which can be interpreted by a reorganization of the structure during the reaction. A very low fraction of sixfold coordinated Al was observed on the fresh catalyst (ca. 7%), whereas within the limits of the experimental error, no ex-framework Al was detected on the spent catalyst after 102 h of reaction at 300°C (i.e. ZSM5@260_LR). The broad hysteresis loop between the adsorption and desorption curves observed for both catalysts (Fig. S6a, † left) suggests the presence of large and non-uniform interparticle mesopores with a broad pore size distribution between 2 and 40 nm centered at about 8 nm (Fig. S6a, † right) . The ZSM-5 catalysts displayed a volcano trend when representing the specific surface area against the SiO 2 /Al 2 O 3 molar ratio with a maximum for ZSM-5@106. The micropore surface area showed the opposite trend with a contribution to the overall specific surface area of 73% for ZSM-5@30, 65% for ZSM-5@64 and 63% for ZSM-5@260. Nonetheless, for ZSM-5@106, the contribution of the micropore surface area was only of 53%, which was probably caused by the rather complex porosity of this catalyst as suggested by the isotherm shape (Fig. S6b, † left) and pore size distribution (Fig. S6b, † right) . The adsorption branch of the ZSM-5@106 isotherm could be assigned to Type II, reflecting the presence a Measured from the specific surface area of the spent sample (Table 4) . 
Textural properties of the fresh and spent catalysts
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of macropores (D p > 50 nm), while the type H4 hysteresis loop also indicated the presence of mesopores. Two families of mesopores could be discerned: (1) mesopores between 3 and 7 nm, and (2) mesopores combined with macropores with a wide pore size distribution between 7 and 100 nm. Unlike the other ZSM-5 catalysts, the complex pore system in ZSM-5@106 also led to higher values for both the pore volume (0.34 cm 3 g −1 ) and the mean pore size (11.3 nm).
The parent Al-SBA-15 catalysts showed a slight increase of the specific surface area from 611 to 630 m 2 g −1 when raising the SiO 2 /Al 2 O 3 ratio from 102 to 190 with a micropore contribution of ca. 20% to the overall specific surface area. Both catalysts showed a hysteresis loop in the P/P 0 range between 0.4 and 0.65 (Fig. S6c, † left) , reflecting a narrower pore size distribution between 3 and 6 nm centered at about 4 nm (Fig. S6c, † right) . Although the textural properties of the catalysts were considerably altered after the reaction due to the formation of carbon deposits (Table 4) , the main porous features of the catalysts were preserved without any qualitative change on the shape of the isotherms (Fig. S7 †) . The specific surface area showed a marked decrease by 90% for ZSM-5@30 and ZSM-5@64 and by 45% and 47% for Al-SBA-15@102 and Al-SBA-15@190, respectively, whereas the specific surface area for SA@0.03 and SA@1.79 only showed a moderate decline of 12% and 47%, respectively. Noticeably, ZSM-5@30, ZSM-5@64 and ZSM-5@106 exhibited a pronounced decline of the micropore surface area (>94%), whereas this decline was more moderate for ZSM-5@260 (58%). The lower reduction of the specific surface area for the latter catalyst is consistent with a smaller formation of carbon deposits during the reaction. All the catalysts showed a decline of the pore volume after the reaction except for ZSM-5@106, for which the pore volume increased from 0.34 to 0.43 cm 3 g −1 , suggesting the generation of new porosity. In the meantime, the different catalysts displayed an increase of the mean mesopore size except for SA@0.03, showing only a slight pore contraction (7.9 nm vs. 6.9 nm), and for ZSM-5@260, Al-SBA-15@102 and Al-SBA-15@190, the mean pore size keeping essentially unchanged. Fig. 4 plots the NH 3 -TPD desorption profiles in the temperature range 130-600°C for the different aluminosilicates. It is generally accepted that NH 3 is a good probe molecule for titrating acid hydroxyl groups accessible through pores, channels or windows with a size <4 Å in aluminosilicates and zeolites because of its small molecular dimensions (3.70 × 3.99 × 3.11 Å 3 ). 62, 63 In this study, the acid site strength was broadly classified in three groups after peak deconvolution according to the NH 3 desorption temperature (Fig. S8 †) : (1) weak sites between 130°C and 280°C, (2) medium sites between 280°C and 450°C, and (3) strong sites between 450°C and 600°C. All the catalysts contained three types of sites except ZSM-5@106, which did not contain strong acid sites. In the case of ZSM-5 catalysts, the maximum peak position shifted to lower temperatures at higher SiO 2 /Al 2 O 3 ratios in both the low-and high-temperature regions, reflecting a decrease of the acid site strength. Table 5 summarizes the surface acidities measured for the different sites in the different aluminosilicates. The highest acidity was observed for SA@0.03 and SA@1.79 with a noticeably larger amount of medium and strong acid sites compared to the other catalysts. The ZSM-5 family showed predominantly weak to medium acidity with the total acidity decreasing from 0.88 to 0.26 mmol g −1 with an increase of the SiO 2 /Al 2 O 3 ratio from 30 to 260. Similarly, for the Al-SBA-15 catalysts, the total acidity decreased with the SiO 2 /Al 2 O 3 ratio. However, in these catalysts, medium and strong sites were predominant. Noteworthy, irrespective of the catalyst family, the NH 3 uptake increased inversely with the SiO 2 / Al 2 O 3 ratio (Fig. 5) . The NH 3 uptake decreased sharply until the threshold SiO 2 /Al 2 O 3 ratio of 64, whereas this decline was much less pronounced at higher ratios. Although NH 3 -TPD is a relevant tool for measuring the amount and strength of acid sites in aluminosilicates, this technique cannot provide direct information on their Brønsted (B) or Lewis (L) nature. FT-IR spectroscopy in combination with a specific probe molecule such as pyridine offers a powerful tool for discriminating the nature of acid sites. The characteristic band at around 1545 cm −1 can be attributed to the formation of pyridinium ions by interaction of pyridine with the Brønsted acid sites (e.g., bridged Si-OH-Al centers), while the band at around 1455 cm −1 originates from the interaction between pyridine and the Lewis acid sites. 64, 65 Furthermore, the comparison of the IR spectra in the stretching region (i.e. >3000 cm −1 ) before and after pyridine adsorption can provide valuable information about the This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
Surface acidity of the catalysts
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Brønsted acidity of hydroxyl groups and their accessibility to pyridine. As a matter of fact, hydroxyl groups remaining unaffected after pyridine adsorption can be regarded as weak acid sites belonging most often to silanol groups reminiscent of the tetrapropylamine (TPA) template after calcination/extraction. Fig. 6 collects the IR spectra measured on the different catalysts before and after pyridine adsorption, whereas Table 5 lists the measured B/L ratios after peak integration. The SA catalysts displayed an intense band at 1456 cm As a result, the B/L ratios on these latter samples were significantly lower with values of about 0.27 and 0.38 for Al-SBA-15@102 and Al-SBA-15@190, respectively. All the catalysts exhibited resilient bands in the stretching region after pyridine adsorption that can be attributed to weakly acidic hydroxyl groups (Fig. S9 †) . In particular, the catalysts with a larger density of Lewis acid centers exhibited more pronounced bands in the stretching region, especially SA@1.79, Al-SBA-15, SBA-15@102 and Al-SBA-15@190, showing a unique and large band centered at 3745 cm −1 . This Al-NMR MAS).
d Number of weak Brønsted acid centers measured from the B/L ratios and the density of ex-framework Al (Al EF ). View Article Online band was also observed for SA@0.03 and the ZSM-5 catalysts, but with a much lower intensity. An additional band centered at 3670 cm −1 was visualized for SA@0.03 and ZSM-5@30 after pyridine adsorption, which can be attributed to weakly acidic hydroxyl groups on ex-framework alumina. 16 ]ĳAl x Si 96−x O 192 ] for x < 27), the density of framework and ex-framework Al (i.e. Al F and Al EF , respectively) was estimated as a function of the SiO 2 /Al 2 O 3 ratio. In this analysis, we assumed that all the hydroxyl groups that can be titrated by NH 3 in the NH 3 -TPD tests corresponded to bridged Si-OH-Al sites, but not to the weakly acidic silanol groups (see Table 5 for details). Our calculations reflect a decline of the relative amount of framework Al with the SiO 2 /Al 2 O 3 ratio with atomic ratios evolving from 56% in ZSM-5@30 to >96% for ZSM-5@260. The validity of this method was assessed by quantitative 27 Al-NMR MAS for the ZSM5@64 and ZSM5@260 catalysts by comparing the relative areas between the peaks centered at ca. 55 ppm (fourfold coordinated Al) and at ca. 0 ppm (sixfold coordinated Al) in the spectra (Fig. S5 †) . The density of framework and ex-framework Al was further used to estimate the number of Brønsted and Lewis acid sites in the zeolites. It is well established that the low-temperature band (130-280°C) in the NH 3 -TPD profiles of ZSM-5 zeolites can be attributed to Lewis acid sites, 66 whereas the mediumand high-temperature bands (280-450°C and 450-600°C, respectively) can be attributed to Brønsted acid sites. 67 With this information in hand, our calculations reflect a relative amount of weak Brønsted acid sites increasing from 4.6% for ZSM-5@30 to 40-48% for ZSM-5@64, ZSM-5@106 and ZSM-5@260. For the latter catalysts, Lewis acid sites might be partially segregated near the external surface of the particles as inferred from the slightly lower Si/Al surface ratio (200) compared to the Si/Al bulk ratio (260) observed on this catalyst (Tables 3 and S1 †) . The presence of a higher proportion of Brønsted acid sites in ZSM-5 zeolites with higher SiO 2 /Al 2 O 3 ratios appears to be at the origin of the higher BD selectivity upon 1,3-BDO dehydration and higher capacity for limiting the cracking reaction. In particular, ZSM-5@260 with the largest amount of Brønsted acid sites with intermediate strength (61% , Table 5) showed the largest BD selectivity at 300°C. These observations agree well with the conclusions drawn from previous studies on 1-butanol dehydration over acid zeolites, suggesting the major contribution of an E2-type elimination mechanism, but with no ether formation as an intermediate. 49, 68 In parallel, the lower amount of strong Brønsted acid sites allowed a lower coke formation during the reaction, affording a moderate decrease of the specific surface area (Table 4) . Unlike Al-enriched ZSM-5 catalysts, the larger available specific surface area for ZSM-5@260 during operation might favor the accessibility of 1,3-BDO into the internal Brønsted acid sites.
Conclusions
A series of aluminosilicates with different porous features and SiO 2 /Al 2 O 3 ratios were prepared and tested for the dehydration of 1,3-butanediol into butadiene. All the catalysts offered good butadiene yields with the simultaneous formation of lower amounts of unsaturated alcohols such as 3B1ol and propylene, the latter being supposedly issued from the cracking of 3B1ol. Among the different aluminosilicates, acid ZSM-5 zeolites revealed the most promising catalytic properties, showing a higher selectivity to butadiene at higher SiO 2 / Al 2 O 3 ratios (from 40% for ZSM-5@30 to 60% for ZSM-5@260). Also noteworthy, these catalysts offered a butadiene productivity in the range 2.5-3.6 g BD g cat −1 h −1 , which is about one order of magnitude higher than the productivity that can be typically achieved in the Lebedev process (i.e. ethanol → butadiene). The presence of native Brønsted acid sites with medium strength was indispensable to maintain a good selectivity to butadiene as inferred from combined NH 3 -TPD, pyridine adsorption and 27 Al NMR MAS spectroscopy. The formation of carbonaceous species was unavoidable under the reaction conditions as evidenced by XPS and TGA-MS, but could be partially discouraged for ZSM-5@260, showing only 51 mg C g −1 formed at 300°C after 8 h of reaction and a moderate deactivation at longer reaction times (102 h). As a result, this catalyst suffered from moderate pore blockage during reaction, affording the accessibility of 1,3-BDO into the internal acid sites and in turn the catalytic activity.
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